Spinal cord stimulation reduces ventricular arrhythmias during acute ischemia by attenuation of regional myocardial excitability. Myocardial ischemia creates autonomic nervous system imbalance and can trigger cardiac arrhythmias. We hypothesized that neuromodulation by spinal cord stimulation (SCS) will attenuate local cardiac sympathoexcitation from ischemia-induced increases in afferent signaling, reduce ventricular arrhythmias, and improve myocardial function during acute ischemia. Yorkshire pigs (n ϭ 20) were randomized to SCS (50 Hz at 200-s duration, current 90% motor threshold) or sham operation (sham) for 30 min before ischemia. A four-pole SCS lead was placed percutaneously in the epidural space (T1-T4), and a 56-electrode mesh was placed over the heart for high-resolution electrophysiological recordings, including activation recovery intervals (ARIs), activation time, repolarization time, and dispersion of repolarization. Electrophysiological and hemodynamic measures were recorded at baseline, after SCS/sham, during acute ischemia (300-s coronary artery ligation), and throughout reperfusion. SCS 1) reduced sympathoexcitation-induced ARI and repolarization time shortening in the ischemic myocardium; 2) attenuated increases in the dispersion of repolarization; 3) reduced ventricular tachyarrythmias [nonsustained ventricular tachycardias: 24 events (3 sham animals) vs. 1 event (1 SCS animal), P Ͻ 0.001]; and 4) improved myocardial function (dP/dt from baseline to ischemia: 1,814 Ϯ 213 to 1,596 Ϯ 282 mmHg/s in sham vs. 1,422 Ϯ 299 to 1,380 Ϯ 299 mmHg/s in SCS, P Ͻ 0.01). There was no change in ventricular electrophysiology during baseline conditions without myocardial stress or in the nonischemic myocardium. In conclusion, in a porcine model of acute ventricular ischemia, SCS reduced regional myocardial sympathoexcitation, decreased ventricular arrhythmias, and improved myocardial function. SCS decreased sympathetic nerve activation locally in the ischemic myocardium with no effect observed in the normal myocardium, thus providing mechanistic insights into the antiarrhythmic and myocardial protective effects of SCS.
NEW & NOTEWORTHY In a porcine model of ventricular ischemia, spinal cord stimulation decreased sympathetic nerve activation regionally in ischemic myocardium with no effect on normal myocardium, demonstrating that the antiarrhythmic effects of spinal cord stimulation are likely due to attenuation of local sympathoexcitation in the ischemic myocardium and not changes in global myocardial electrophysiology.
spinal cord stimulation; sympathetic nervous system; ventricular excitability; cardiac arrhythmias SPINAL CORD STIMULATION (SCS) of the thoracic dorsal column has traditionally been used to treat refractory angina and has now been suggested to have myocardial protective and antiarrhythmic effects in the heart during myocardial ischemia (19, 21, 23, 33) . Direct neural recordings have demonstrated that coronary artery occlusion activates local afferent sympathetic nerve endings in the ischemic myocardium (12, 25) . The cardiac afferent nerve fibers travel to the dorsal column of the thoracic spinal cord and synapse within a complex neural circuit to result in reflex efferent sympathoexcitation (12, 25) . Increased spinal sympathoexcitation leads to acute physiological changes, including tachycardia and hypertension as well as long-term neuronal remodeling of the intrathoracic, extracardiac ganglia and the intrinsic cardiac nervous system (3, 31, 37) . In addition, increased sympathetic stimulation can impact myocardial electrophysiology and trigger ventricular arrhythmias and sudden cardiac death (32, 39) .
Reduction of sympathoexcitation through surgical sympathectomy or spinal neuraxial modulation via thoracic epidural anesthesia or SCS has been demonstrated to reduce malignant ventricular arrhythmias (1, 10, 36) . SCS may inhibit spinothalamic tract neurons in the spinal cord and influence the intrathoracic cardiac nervous system, thus reducing reflex sympathoexcitation during ventricular ischemia (4, 6, 11, 13) . Current research and clinical evidence suggest that, during myocardial ischemia, SCS decreases myocardial O 2 demand, improves lactate metabolism, and attenuates autonomic nervous system imbalance (19, 21, 23, 24, 36) . In animal studies, SCS reduced ischemia-induced ventricular arrhythmias by 37% and was more effective than pharmacological treatment with ␤-blockers in preventing spontaneous ventricular arrhythmias (17, 23) .
While the beneficial effects of SCS have been suggested in both clinical and animal studies, the precise mechanisms of SCS' antiarrhythmic effects during ischemia have not been fully described (6, 17, 23, 26, 36) . It is unknown if the effects of spinal neural modulation are due to changes in global myocardial electrophysiology or instead due to attenuation of local sympathoexcitation in the affected ischemic myocardium. Therefore, the aim of this study was to investigate the effects of SCS on cardiac ventricular electrophysiology at rest and during focal acute myocardial ischemia with increased afferent signaling and reflex efferent sympathetic stimulation. We hypothesized that neuromodulation by SCS will 1) reduce cardiac sympathoexcitation from ischemia-induced increases in afferent signaling in affected myocardium, 2) reduce ventricular arrhythmias, and 3) improve myocardial function during acute ischemia.
METHODS
All animal experiments were devised in accordance with guidelines set by the University of California Institutional Animal Care and Use Committee and the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of California-Los Angeles Animal Research Committee. Yorkshire pigs, n ϭ 20 (male or female), weighing 45 Ϯ 4 kg, were sedated with intramuscular telazol (4 -6 mg/kg), intubated, and mechanically ventilated. General anesthesia was maintained with inhaled isoflurane (1.5-2.5%) and intravenous boluses of fentanyl (total: 10 -30 g/kg) during surgical preparation. In the prone position, using the loss of resistance technique, an 18-gauge Touhy needle was placed in the epidural space followed by fluoroscopy-guided insertion of a fourpole spinal cord stimulating lead (Octrode, Advanced Neuromodulation Systems, Plano, TX). In the supine position, animals then underwent median sternotomy to expose the heart. Heart rate (HR) and surface 12-lead electrocardiogram (ECG) were monitored using the ECG. The femoral artery was catheterized to monitor arterial blood pressure, and the femoral vein was catheterized for intravenous saline infusion (10 ml/kg). Hourly arterial blood gas was tested, and adjustments via ventilation or infusion of sodium bicarbonate were performed as necessary to maintain acid-base homeostasis. General anesthesia was transitioned to intravenous ␣-chloralose (50 mg/kg initial bolus followed by a 20 mg·kg Ϫ1 ·h Ϫ1 continuous infusion) after surgical preparation was completed. Use of intravenous ␣-chloralose as an anesthetic has been previously shown to be least disruptive of autonomic nervous system activity and has been used extensively in investigational studies (31) .
SCS
A four-pole spinal cord stimulating lead was placed in the epidural space using fluoroscopy guidance. The lead was inserted at the T 1-T4 spinal cord level, with the most cranial pole of the lead at T1 (Fig. 1A) .
Functional position was verified via electrical current from both rostral and caudal poles. A stimulator (model S88 stimulator, Grass Instruments), led through a constant-current isolation unit, produced the stimuli. Motor threshold (MT) was obtained by increasing stimulus intensity until muscle contractions were induced in the shoulder. Animals were rotated to the supine position, and MT was reestablished. SCS [or sham operation (sham)] was performed for 30 min preischemia. In the SCS group, SCS was delivered for 30 min at 50 Hz, 400-s duration. The current had an intensity of 90% MT, a range of 0.12-1.60 mA, and a mean of 0.76 mA.
Experimental Protocols
All animals were randomized to SCS or sham groups. In the SCS group (n ϭ 10), after placement of the electrode, SCS was delivered for 30 min before ischemia and then stopped. In the sham group (n ϭ 10), the spinal cord stimulating electrode was placed but not turned on during a 30-min period before the coronary artery occlusion. After the 30 min SCS or sham period, coronary artery occlusion was performed for 300 s (5 min) in both experimental groups, and reperfusion was then followed for 60 min. Electrophysiological and hemodynamic measurements were recorded at baseline, throughout ischemia, and for 1 h of reperfusion after the coronary artery occlusion ( Fig. 1B) .
Coronary artery occlusion. A 4-0 prolene suture was placed around the second diagonal branch of the left anterior descending coronary artery (LAD). The suture was led through a short polyethylene tubing segment, which was then used to ligate the coronary artery to induce ischemia for 300 s.
Hemodynamic assessment and surface ECG recordings. Left ventricular (LV) end-systolic pressure (LVESP), LV end-diastolic pressure (LVEDP), HR, and maximum and minimum rate rise of LV pressure (dP/dtmax and dP/dtmin) were measured using a 12-pole conductance, high-fidelity pressure monitoring pigtail catheter (5-Fr) inserted into the LV via the left carotid artery and connected to a MPVS Ultra Pressure Volume Loop System (Millar Instruments, Houston, TX). ECG data (12-lead) were continuously recorded via a Prucka CardioLab system (GE Healthcare, Fairfield, CT). Precordial lead electrodes (V1ϪV6) were positioned posteriorly in a manner that reflects standard anterior precordial lead electrode placement and records the horizontal plane. ECGs were manually analyzed.
Electrophysiological recordings and analysis. A 56-electrode nylon mesh was placed around the heart and unipolar electrograms were measured using a Prucka CardioLab electrophysiology mapping system (GE Healthcare, Fairfield, CT) ( Fig. 2A ). All electrophysiological measures were recorded at baseline, after 30 min of SCS or sham, during acute ischemia (at 0, 45, 90, and 300 s from the ligation), and throughout 60 min of reperfusion. Whole heart activation recovery interval (ARI), which has been shown to be a surrogate for action potential duration, was measured and analyzed using iScalDyn software (University of Utah, Salt Lake City, UT) (2, 34) . ARI is measured from the most negative deflection of change in voltage over time (dV/dT) of the activation wave and the most positive deflection of dV/dT of the repolarization wave. Activation time (AT) was measured as the minimum dV/dT in the QRS complex, repolarization time (RT) was measured as the maximum dV/dT in the T wave, and ARI was calculated by subtracting AT from RT ( Fig. 2B ). Specifically, ARI was analyzed in electrodes showing ST elevation or depression, as previously described (15) . Ischemia can complicate measurement of ARI when the maximum derivative of the T wave and the minimum derivative of the action potential downstroke become less distinct. To ensure accuracy of ARI measurement, each electrogram with ST segment changes was both measured by semiautomated accepted software and then checked by hand following the guidelines described by Haws and Lux (15) for ARI measurements in ischemia and carefully measured across four to five beats.
Epicardial electrograms were measured across the whole heart and then analyzed in two regions: ischemic myocardium and remote myocardium. The ischemic myocardium was defined by surface unipolar electrograms showing ST elevation (0.1 mV above baseline) or ST depression (0.1 mV below baseline), and the remote myocar-dium was defined as the distant myocardium not in distribution of coronary artery ligation and by electrodes without ST changes (9) . Dispersion of AT, RT, and ARI were measured as variance in AT, RT, and ARI in the whole heart as well as in the two regions described above. T peak-Tend was measured via the clearest T wave recording using surface 12-lead ECG leads. T wave analysis was able to be completed on n ϭ 8 animals in both SCS and sham groups. The highest amplitude of T wave deflection was used to define the peak of the T wave (T peak), and the point where the tangent on the descending limb of the T wave intersects the isoelectric line was used to define the end of the T wave (T end) (29) . Three-dimensional sock AT, RT, and ARI were projected onto two-dimensional polar maps using publicly available Map3D software (University of Utah; http://www.sci.utah. edu/cibc/software/107-map3d.html).
A continuous 12-lead ECG was used for manual classification of nonsustained ventricular tachycardias (NSVTs) and premature ventricular contractions (PVCs) during 5-min acute ischemia and 60-min reperfusion. NSVTs were classified as three or more beats of ventricular tachycardia (VT) at a rate of Ͼ120 beats/min and lasting Ͻ30 s. PVCs were defined as abnormal heart beats containing an irregularity in QRS complex morphology, a decrease in R wave-to-R wave time interval, and an absence of a P wave. There were no episodes of sustained VTs or ventricular fibrillation. 
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Statistical Analysis
Electrophysiological and hemodynamic data at each time point are reported as means Ϯ SD. Paired t-tests were used to compare two electrophysiological or hemodynamic measures, such as before and after SCS. Two-way repeated measures ANOVA, followed by Tukey's post hoc test for multiple comparisons, was used to compare changes in electrophysiological and hemodynamic measures from baseline throughout multiple ischemia and reperfusion time points in SCS and sham groups. Differences in magnitude of change from baseline to peak ischemia (5 min) and end reperfusion (60 min) between SCS and sham groups were compared using linear mixedeffects models with fixed terms for group (SCS vs. sham), time, the group ϫ time interaction, and a random pig effect. We also included the size of the ischemic myocardium during coronary artery ligation in the models. Pairwise contrasts of interest between groups were estimated and formally tested with the model. Mean differences from baseline to peak ischemia and end reperfusion are presented as conditional means and 95% confidence intervals. Results were considered statistically significant with two-tailed P values Ͻ 0.05. Analysis was performed using Sigma Plot (version 12.5) except for the linear mixed-effects models, which were performed using SAS version 9.4 (Cary, NC).
RESULTS
Effect of SCS on Basal Cardiac Electrophysiology and Hemodynamics
One animal in the sham group was unstable before initiation of the protocol, and, therefore, data were analyzed and reported for n ϭ 19 sham (n ϭ 9) and SCS (n ϭ 10) animals. Electrophysiological indexes were measured before and after 30 min of SCS or sham to assess changes in baseline electrophysiology associated with SCS. There were no significant changes in global myocardial excitability as measured by ARI, AT, RT, and dispersion of repolarization after SCS or sham time control ( Figs. 3 and 4 ). There was also no significant change in T wave peak to end interval after SCS or sham (SCS: 44 Ϯ 11.8 ms at baseline to 41 Ϯ 9.7 ms at 30 min SCS, P ϭ 0.09; sham: 45 Ϯ 8.0 at baseline to 48 Ϯ 10.9 ms at 30 min SCS, P ϭ 0.08).
Hemodynamics remained largely stable during SCS, with an SCS-associated change in only mean arterial pressure (MAP), which slightly decreased from baseline after 30 min of SCS but was unchanged in the sham group (Table 1) . Hemodynamic measures of HR, LVESP, LVEDP, dP/dt max , and dP/dt min showed no significant change after SCS ( Table 1) .
Effect of SCS on Cardiac Electrophysiological and Hemodynamic Measures During Acute Ischemia
Electrophysiological measures. Electrophysiological measures were recorded across the whole heart and analyzed regionally in ischemic and nonischemic zones of the myocardium. In the ischemic regions, SCS was found to attenuate cardiac sympathetic excitation during acute ischemia, as measured by ARI, AT, and RT as well as the dispersion of ARI and dispersion of repolarization, with no change in nonischemic regions ( Fig. 5 ). In addition, ARI data were analyzed both with and without electrograms showing severe ST segment changes to ensure that those leads were not skewing the data. The results were unchanged, and the correlation coefficients between the measures with and without ST segment changes were 1-0.98.
In the ischemic myocardium, there was an expected increase in sympathoexcitation and shortening of ARI duration throughout ischemia. However, ARI shortening was attenuated with SCS treatment compared with sham ( Fig. 6A ). SCS was also associated with a greater increase in AT ( Fig. 6B ) and an attenuation in RT reduction from baseline to 300-s LAD ligation (Fig. 6C ). SCS treatment was not associated with any significant changes in electrophysiological parameters in the 
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ANTIARRHYTHMIC EFFECTS OF SPINAL CORD STIMULATION remote, nonischemic myocardium during acute ischemia. There were no changes from baseline to 300-s LAD ligation in ARI (Fig. 6D) , AT (Fig. 6E ), or RT (Fig. 6F ) in the remote mycardium. SCS reduced ventricular arrhythmia risk as shown by the attenuation of the increase in dispersion of ARI and repolarization in the ischemic myocardium (Fig. 7, A and B) . There was no change in the dispersion of ARI or RT in the remote myocardium ( Fig. 7, C and D) .
Global electrophysiological measures. Increased T peak -T end interval is associated with a greater risk for ventricular arrhythmia. After 300 s of ischemia, T peak -T end interval increased significantly from baseline in the sham group; however, there was no increase in T peak -T end during ischemia in the SCStreated group (Fig. 8 Hemodynamic measures. SCS treatment attenuated the decrease in LV function during acute ischemia, as measured by LV dP/dt max ( Table 2) . SCS also attenuated the increase in LVEDP from baseline to 300 s of ischemia. HR, LVESP, MAP, and dP/dt min were not significantly changed by SCS from baseline to the end of ischemia ( Table 2) . 
Effect of SCS on Ventricular Arrhythmias During Ischemia
SCS treatment was associated with fewer ventricular arrhythmias during acute ischemia compared with sham, demonstrating a functional and beneficial effect of SCS on arrhythmogenesis (Table 3) . Ventricular arrhythmias were measured in episodes of 1) NSVTs [1 episode was recorded in 1 SCS animal vs. 25 episodes in 3 sham animals (P Ͻ 0.001, Table 3 
Effect of SCS on Cardiac Electrophysiological and Hemodynamic Measures During Reperfusion
Electrophysiological measures. Electrophysiological measures in the ischemic myocardium were not significantly affected by SCS during reperfusion. From baseline to 60-min reperfusion, there were no significant changes in ARI (SCS: 368 Ϯ 37 to 355 Ϯ 39 ms vs. sham: 364 Ϯ 66 to 353 Ϯ 74 ms, P ϭ 0.31), AT (SCS: 26 Ϯ 3 to 26 Ϯ 3 ms vs. sham: 24 Ϯ 6 to 23 Ϯ 5 ms, P ϭ 0.63), RT (SCS: 394 Ϯ 38 to 381 Ϯ 39 ms vs. sham: 388 Ϯ 70 to 375 Ϯ 75 ms, P ϭ 0.28), or dispersion of repolarization (SCS: 493 Ϯ 337 to 491 Ϯ 348 ms 2 vs. sham: 511 Ϯ 323 to 434 Ϯ 375 ms 2 , P ϭ 0.91).
Electrophysiological parameters in the nonischemic myocardium were similarly not significantly altered by SCS from baseline to 60-min reperfusion: ARI (SCS: 576 Ϯ 271 to 636 Ϯ 460 ms vs. sham: 561 Ϯ 331 to 612 Ϯ 453 ms, P ϭ 0.26), AT (SCS: 27 Ϯ 3 to 27 Ϯ 3 ms vs. sham: 26 Ϯ 5 to 26 Ϯ 5 ms, P ϭ 0.25), RT (SCS: 385 Ϯ 34 to 377 Ϯ 37 ms vs. sham: 379 Ϯ 68 to 366 Ϯ 74 ms, P ϭ 0.23), and dispersion of repolarization (SCS: 576 Ϯ 271 to 636 Ϯ 460 ms 2 vs. sham: 561 Ϯ 331 to 612 Ϯ 453 ms 2 , P ϭ 0.53).
Global electrophysiological measures. Myocardial electrophysiology and hemodynamic parameters were measured for 60 min following acute ischemia to assess SCS-mediated effects on overall cardiac function during reperfusion, a postischemic phase of cardiac stress. During reperfusion, T peak -T end interval continued to be prolonged in the sham group and did not return to baseline after 60-min reperfusion (Fig. 8 ). However, in the SCS treatment group, T peak -T end interval was unchanged from baseline throughout reperfusion, suggesting an SCS-mediated reduction of ventricular arrhythmogenic potential. SCS treatment was not associated with any significant changes from baseline (measured immediately before LAD ligation) to 60 min of reperfusion in global myocardial electrophysiological measures of ARI (SCS: 361 Ϯ 36 to 352 Ϯ 38 ms vs. sham: 356 Ϯ 66 to 344 Ϯ 72 ms, P ϭ 0.24), AT (SCS: 26 Ϯ 3 to 26 Ϯ 3 ms vs. sham: 26 Ϯ 5 to 25 Ϯ 5 ms, P ϭ 0.25), RT (SCS: 388 Ϯ 38 to 378 Ϯ 38 ms vs. sham: 382 Ϯ 69 to 369 Ϯ 74 ms, P ϭ 0.23), or dispersion of repolarization (SCS: 575 Ϯ 164 to 577 Ϯ 324 ms 2 vs. sham: 572 Ϯ 254 to 590 Ϯ 362 ms 2 , P ϭ 0.72).
Hemodynamic measures. LV function improved in the SCS group throughout reperfusion, as shown by the attenuation in dP/dt max reduction ( Table 2) . LVEDP was reduced from baseline to 60 min of reperfusion in the SCS group, whereas it increased in the sham group (Table 2) . HR, LVESP, MAP, and dP/dt min were not significantly changed by SCS from baseline to the end of reperfusion.
Effect of SCS on Ventricular Arrhythmias During Reperfusion
Both SCS and sham groups had fewer ventricular arrhythmias during reperfusion than during ischemia, with no significant effect of SCS on the number of PVCs (Table 3) . 
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DISCUSSION
In a porcine model of acute myocardial ischemia and reperfusion, thoracic SCS attenuated regional myocardial sympathetic excitation, decreased ventricular arrhythmias, and improved myocardial function. The major findings of this study are that SCS 1) reduced sympathoexcitation-induced ARI and RT shortening in the ischemic myocardium, 2) had no effect on ventricular electrophysiology in the nonischemic myocardium or during baseline conditions without myocardial stress, 3) attenuated increases in dispersion of repolarization, 4) reduced VTs, and 5) improved myocardial function during acute ischemia.
Effects of SCS on Myocardial Electrophysiology During Acute Ischemia
Our porcine model of acute ischemia with high-resolution cardiac electrophysiological mapping provides new insights into the mechanism of SCS' antiarrhythmic effects during myocardial ischemia. The results show that SCS attenuated regional myocardial sympathetic excitatability (ARI and dis- 
RT Difference from Baseline (ms)
Sham SCS E * * * Fig. 6 . Change in electrophysiological parameters in the ischemic and remote regions from baseline to 45-, 90-, and 300-s ischemia. Data are presented as mean differences from baseline at each time point in the sham versus SCS group. In the ischemic myocardium, SCS attenuated sympathetic excitation associated ARI reduction (*P ϭ 0.035 vs. sham; A), was associated with a greater increase in AT (*P ϭ 0.001 vs. sham; B), and was associated with a greater reduction in RT (*P ϭ 0.008 vs. sham; C). In the remote unaffected myocardium, there was no change in ARI (D), AT (E), or RT (F) in the SCS or sham groups (all P Ͼ 0.28). Sham: n ϭ 9; SCS: n ϭ 10.
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ANTIARRHYTHMIC EFFECTS OF SPINAL CORD STIMULATION persion of repolarization) only in the ischemic ventricular myocardium. SCS was not found to have any significant effect on ventricular electrophysiology in resting conditions before ischemia or in the remote, nonischemic myocardium. ARI, which is a measure of action potential duration, is impacted by both AT and RT. AT is reflective of the rate of phase 0 action potential depolarization and is influenced by myocardial resting membrane potential and conduction velocity through myocardial gap junctions (5) . Reflex sympathoexcitation during acute ischemia increases conduction velocity and reduces epicardial AT (5) . RT, on the other hand, is reflective of phase 3 of the action potential and is affected by changes in K ϩ channel kinetics during sympathoexcitation (34) . Therefore, altered ventricular electrophysiology during myocardial ischemia and SCS may be reflective of changes in cellular ionic currents and local sympathetic nerve activity. Coronary artery occlusion has been shown to activate myocardial sensory nerves, increase afferent neural input to the thoracic spinal cord, and cause a reflex efferent sympathoexcitatory response within the local intrinsic cardiac nervous system (12, 22, 25, 31) . Our results are supported by Odenstedt et al. (27) who described, using vectorcardiographic analysis in pigs, that SCS reduced repolarization alterations during ischemia-reperfusion. However, in canines, Wang et al. (36) reported that SCS mitigated the decrease in monophasic action potential duration in select ischemic regions. Importantly, they also demonstrated that SCS treatment reduced efferent neural activity in the stellate ganglia during ischemia. The exact 
H428
ANTIARRHYTHMIC EFFECTS OF SPINAL CORD STIMULATION mechanism of action through which SCS attenuates myocardial sympathoexcitation is not known. However, SCS has been shown to inhibit spinothalamic tract neurons in the spinal cord and influence the intrathoracic cardiac nervous system during ventricular ischemia (4, 6, 11, 13) . Thus, the findings from previous studies are expanded on by our results, and together they suggest that SCS modulates the cardiac neural afferent activity and reduces the reflex efferent activation of regional intrinsic cardiac neurons in the ischemic myocardium. Myocardial ischemia creates a substrate for VTs. VTs are most commonly caused by reentry circuits and involve a complex interaction between activation and repolarization of electrical wave fronts (8, 14, 28, 30) . Increased heterogeneity (dispersion) of ARIs or repolarization, as seen in myocardial ischemia, is a major precursor to reentrant VTs, and previous studies have shown that PVCs and VTs originate in the ischemic regions of the myocardium (7, 18, 20) . Here, we show that SCS attenuated the increase in dispersion of ARI and repolarization in the ischemic myocardium, reduced T peak -T end , and was associated with fewer ventricular arrhythmias.
To our knowledge, this is the first study to use comprehensive electrophysiological mapping to demonstrate that the antiarrhythmic effect of SCS is likely due to the reduction in regional sympathoexcitation, which decreased the heterogeneity of myocardial repolarization in ischemic areas, thus stabilizing myocardial excitability and reducing the risk of reentrant VTs and sudden cardiac death (7, 18, 20, 34) . Increase in dispersion of repolarization is affected more by direct sympathetic nerve stimulation than by circulating catecholamines (38) . The localized reduction of sympathoexcitation during focal ischemia is an important new finding in understanding the therapeutic benefits of SCS. There are regional differences in sympathetic nerve innervation across the LV and right ventricle (34, 35) . Furthermore, after myocardial infarction, there is regional remodeling of the intrinsic cardiac nervous system, thus altering afferent neural signals and neural processing. Cardiac injury is associated with changes in sympathetic innervation and a heightened sympathetic state. These changes most frequently occur at the ischemic border zone and dynamically amplify the risk for ventricular arrhythmias (7, 18, 20) . These results, suggesting that SCS' therapeutic effect may be due to regional attenuation of sympathoexcitation in the areas most affected, as opposed to global sympatholysis, may provide insights into the mechanisms behind the therapeutic benefit of SCS in mitigating ventricular arrhythmias during acute ischemia and after myocardial infarction in heart failure as well (31) .
SCS Improves Myocardial Function During Acute Ischemia
In addition to reducing sympathoexcitation and decreasing ventricular arrhythmias, SCS was also found to improve myocardial function during acute ischemia. The improvement in myocardial function, despite a reduction in myocardial sympathoexcitation, suggests that SCS is providing myocardial protection through additional local mechanisms. In previous studies of chronic ischemic heart failure, SCS improved cardiac contractile function through reduced myocardial O 2 consumption and improved lactate metabolism (19, 21, 23, 24) . In an elegant study, Lopshire and colleagues (23) , demonstrated in a canine model of postinfarction heart failure that SCS improved ventricular function better than medical management with ␤-blockers. Liu et al. (21) demonstrated in a porcine model of heart failure that even 15 min of SCS is enough to improve ventricular function, as measured by dP/dt, speckle tracking strain imaging echocardiography, and ejection fraction. The improvement in regional and global ventricular function persisted even after SCS had been discontinued. While in our study mechanisms underlying beneficial effects of SCS on myocardial function during acute ischemia were not characterized, studies in chronic ischemic disease support our findings and provide some insights.
Effects of SCS During Reperfusion
In this study, SCS was not found to have an effect on local ventricular electrophysiology during reperfusion. Acute coronary artery occlusion for 5 min causes activation of cardiac sympathetic afferent nerve fibers without causing infarction or permanent myocardial damage (16, 25) . Therefore, this acute duration of ischemia likely did not induce a significant reperfusion injury in the ischemic myocardium. Once the coronary artery occlusion was released, the cardiac afferent stimulation was no longer present. The electrophysiological parameters returned to near baseline, and the effects of SCS on reflex sympathoexcitation were no longer observed. (8) Values are no. of arrhythmic events (with no. of animals in parentheses). NSVT, nonsustained ventricular tachycardia; PVC, premature ventricular contraction. *P ϭ 0.001 vs. sham. All other P values were Ͼ0. 29. In addition to the local electrophysiological measures, T peak -T end and ventricular function returned to baseline after ischemia with SCS treatment. However, in the sham group, the risk of ventricular arrhythmias, as measured by T peak -T end and ventricular function, did not return to baseline levels, even after 60 min of reperfusion. Increase in T peak -T end is a strong predictor of the risk of ventricular arrhythmias and sudden cardiac death (34, 38) . SCS attenuated the T peak -T end increase throughout ischemia and reperfusion in this study. This is supported by previous studies involving longer periods of ischemia, which found that SCS reduced T peak -T end during ischemia and was associated with fewer ventricular arrhythmias; however, the effects throughout reperfusion were not reported (17, 27) .
Limitations
While this study provides mechanistic insights into the therapeutic benefits of SCS, it does have limitations. First, all of our experiments were performed in healthy animals with acute ischemia to see the effect of SCS on normal ventricular electrophysiology. However, the findings of this study may not be applicable to hearts with infarction or cardiomyopathy. Second, all measures were taken in an anesthetized animal (inhaled isoflurane and then intravenous ␣-chloralose). Therefore, the resulting sympathoexcitation associated with ischemia may be blunted in an awake animal. In addition, the effect of ischemia may be lessened due to the possible protection of isoflurane to myocardium during ischemia. However, this was constant in both SCS and sham groups, and, therefore, the differences seen here between the two groups should not be affected. Finally, in this study, we investigated the effects of preemptive, traditional, thoracic SCS on acute ischemia, and, therefore, these results may not be applicable to other SCS treatment modalities, such as reactive, high-frequency, or burst stimulation.
Conclusions
In a porcine model of acute ventricular ischemia with increased cardiac afferent signaling, SCS reduced local efferent sympathoexcitation, decreased ventricular arrhythmias, and improved myocardial function. SCS decreased sympathetic nerve activation regionally in the ischemic myocardium with no effect observed on the normal myocardium. These findings provide important mechanistic insights into the antiarrhythmic and myocardial protective effects of thoracic SCS.
